We demonstrate the spatial separation of the cis-and trans-conformers of 3-fluorophenol in the gas phase based on their distinct electric dipole moments. For both conformers we create very polar samples of their lowest-energy rotational quantum states. A >95 % pure beam of trans-3-fluorophenol and a >90 % pure beam of the lowest-energy rotational states of the less polar cis-3-fluorophenol were obtained for helium and neon supersonic expansions, respectively. This is the first demonstration of the spatial separation of the lowest-energy rotational states of the least polar conformer, which is necessary for strong alignment and orientation of all individual conformers.
Introduction
Complex molecules often exhibit different structural isomers (conformers), even under the conditions of a cold molecular beam [1] . For a variety of upcoming novel experiments like photoelectron [2, 3] , electron [4, 5] , and x-ray diffraction [6, 7] imaging of gas-phase molecules, for conformer-specific chemical reaction studies [8] , or for mixed-field orientation experiments [9] [10] [11] , pure species-selected molecular samples with all molecules in the lowest-energy rotational states are highly advantageous or simply necessary. Using strong inhomogeneous electric fields it is possible to spatially separate individual conformers [12, 13] , specific molecular clusters [14] , as well as the individual quantum states of neutral polar molecules [15] [16] [17] . While the electric deflector was exploited for the spatial separation of individual conformers [13] and for the generation of highly polar samples of single-conformer molecules [10] , it was not a priory clear whether it would be possible to create pure samples of the most polar low-rotationalenergy states of any conformer but the most polar one.
Here, we demonstrate the generation of conformerselected and very polar ensembles of both conformers of 3-fluorophenol (C 6 H 5 OF, 3FP). 3FP is a prototypical large molecule with two stable conformers that differ by their orientation of the OH functional group. Conformer-selected and three-dimensionally oriented [20] ensembles of 3FP are good candidates for the investigation of conformer-interconversion reactions in an ultrafast laser pump, x-ray probe experiment, in which structural information would be accessible through photoelectron holography following F(1s) ionization [2, 3] .
The structures of cis and trans 3FP are shown in Fig. 1 , together with calculated energies of their lowest rotational states in an electric field [21] . At relevant electric field strengths, all states are highfield seeking.
1 Due to the different electric dipole 1 Molecules in high-field seeking states have a negative Stark energy shift, i. e., their potential energy decreases with electric field strength. Thus, they have positive effective dipole moments (vide infra). Therefore, they orient along the electric field and they are attracted to regions of stronger electric field in order to minimize their energy. shows the molecular structures, the rotational constants [18, 19] , and the calculated dipole moments of these conformers.
moments of µ = 0.82 D and 2.64 D for cis and trans, respectively, the energy dependence of the molecular eigenstates as a function of electric field strength is quite different for the two conformers.
The projection of the molecule-fixed dipole moment onto the electric field axis is the effective dipole moment µ eff = −∂W/∂ . The force exerted by an electric field on a polar molecule is F = −µ eff ( ) · ∇ . Thus, for a given inhomogeneous electric field trans-3FP is deflected more than cis-3FP. Moreover, the lowest energy rotational states are generally more polar, i. e., have a larger effective dipole moment µ eff , than higher-energy rotational states [10] and, therefore, are deflected more. Fig. 2 shows a schematic of the experimental setup [16] . In brief, 3FP was placed in a roomtemperature Even-Lavie valve [22] . The molecules are coexpanded into the vacuum chamber at a repetition rate of 20 Hz in 50 bar of helium or 25 bar of neon, resulting in a supersonic expansion with a rotational temperature of the molecules of 1.5 K and 1 K, respectively. The molecular beam was collimated by two skimmers with diameters of 2 mm and 1 mm that were placed 5.5 cm and 21.5 cm downstream of the valve. Behind the second skimmer the molecular beam entered the electric deflector that provided an inhomogeneous electric field to disperse −1 for cis and trans, respectively [23] . Individual conformers were selectively detected through resonance-enhanced two-photon ionization (R2PI) mass spectrometry. For the measurements of spatial molecular beam profiles the laser is sampled by moving the focusing lens in steps of 200 µm in the y-direction.
Experimental details
Ab initio calculations (B3LYP/aug-cc-pVTZ) predict the trans conformer to be about 55 cm −1 more stable than the cis conformer, in agreement with the 85 cm −1 energy difference derived from a one-dimensionally torsional potential based on far-infrared spectroscopy [24] . The corresponding expected relative abundances of the trans and cis conformers in the molecular beam of approximately 2:1 agree with the experimentally obtained R2PI signal levels. lines show simulated spatial profiles obtained using the libcolmol package [16] . Only a single free parameter, the peak intensity of the undeflected beam, was adjusted to the experiment. Fig. 4 a shows the deflection profiles of both conformers of 3FP seeded in helium for applied voltages of 0 V and 14 kV to the deflector. The cisconformer was deflected significantly less than the trans-conformer. This leads to a spatial separation of the trans-conformer from the cis-conformer and from the original beam, e. g., the seed gas. The purity of the trans sample at various heights is shown in Fig. 4 b. Assuming similar excitation and ionization cross-sections for the two conformers, a beam of trans-3FP with a purity >95 % was obtained in the range of 2.5 mm to 3.5 mm.
Results and discussions
Around y = −0.8 mm a nearly pure beam of cis-3FP was obtained, similar to previous measurements [13] . However, these samples correspond to high-energy rotational states that are not suited for the envisioned novel orientation and imaging experiments. Moreover, these molecules were still immersed in the atomic seed gas. In order to create a pure beam of low-energy rotational states of cis-3FP we increased the deflection by seeding the molecules in neon, resulting in a molecular beam with a speed of 900 m/s, half the speed of the helium expansion. The doubled interaction time resulted in a stronger deflection, as shown in the deflection of trans-3FP was so strong that most molecules crash into the rod electrode and are lost from the beam. For the cis conformer, however, a strong deflection out of the seed gas beam was observed. For y = 1.5-2.5 mm a beam of cis-3FP with a purity >90 % with all molecules in the lowestenergy rotational states was obtained, see Fig. 5 b, even though this conformer was less abundant in the original beam (vide supra). The remaining signal strength at position 1.5 mm was 40 % of the maximum of the field-free case. The amplitudes for each conformer are normalized to the laser intensity. The remaining contribution from trans-3FP for y < 2 mm is attributed to warm molecules that diffuse into the detection region after colliding with the deflector rod.
Conclusions
In summary, we have demonstrated the spatial separation of the cis and trans conformers of 3FP and the generation of cold, low-energy rotational state samples of both conformers of 3FP. These results demonstrate the feasibility to create pure sam- ples of both conformers of this prototypical large molecule using the electric deflector, allowing for strong three-dimensional alignment and mixed-field orientation [20] . These samples will allow direct molecular-frame imaging experiments on all structural isomers to disentangle the structure-function relationship for the conformer interconversion. This could be investigated through molecular frame photoelectron angular distributions and electron or xray diffraction experiments [3, 5-7, 25, 26] .
